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Abstract: One of the central problems in graphene spintronics is the efficient injection and
detection of spins in mesoscopic devices. To date, most of the studies in graphene spin devices

use spin-sensitive contacts of Cobalt for injection and detection.

However, due to its magnetic

properties, Cobalt is prone to form magnetic domains and inhomogeneities, which makes it hard to
control its magnetization orientation. This memoir presents a novel approach for spin injection and
detection in graphene by material engineering of the ferromagnetic contacts. We have fabricated spin
injector/detector contacts of a bilayer of Cobalt and Permalloy (NiFe). Our results demonstrate that
Permalloy softens the magnetization reversal of the Cobalt/Permalloy bilayer while the insertion of
a very thin layer of the Cobalt layer is essential for efficient spin injection/detection into graphene.

I. INTRODUCTION

Contrary to electronics, in which electron current flow
is manipulated in electronic devices, spin-based electron-
ics or spintronics aims to take advantage of the electron
spin degree of freedom in order to transport and manip-
ulate information. Spin devices rely on three key fun-
damental concepts: spin injection, detection, and ma-
nipulation. First generation of spin devices were based
on normal metals, such as aluminum and copper used
as spin transport channels [8]. The recent discovery and
isolation of different two-dimensional (2D) materials have
provided a very rich platform to study spin physics as well
as the development of prototypical devices reaching the
atomically thin limit. Among 2D materials, graphene,
an atomically thin layer of carbon atoms arranged in a
honeycomb crystal lattice, is the most prominent exam-
ple. Due to its low spin-orbit coupling and lack of hyper-
fine interaction, graphene is one of the best materials for
spin transport with spin communication over distances
as large as a few micrometers [6]. Besides, it is a gate-
tunable material, i.e its carrier density can be controlled
by electrostatic gating, with extremely high carrier mo-
bilities [6, 7]. All these unique physical properties of-
fer unprecedented opportunities for the development of
graphene-based spin logic devices with high-speed opera-
tion rates and low-power consumption. One of the central
problems in the development of graphene spin devices
is to engineer efficient spin injection/detection contacts
as well as to find routes for spin control and manipula-
tion [7]. Spin injection/detection is realized by attaching
ferromagnetic (FM) contacts to graphene, since when a
current is applied through them, it becomes spin polar-
ized [3]. To date, the most efficient FM element for spin
injection/detection in graphene is cobalt, Co. However,
due to its magnetic properties, it is prone to form mag-
netic domains which disrupt the spin injection/detection
and results in troublesome effects. One of the most com-
mon issue is the nucleation, propagation and pinning of
magnetic domains within the contacts, preventing them
from a coherent magnetization reversal under an external

magnetic field. Additionally, FMs cannot inject spin effi-
ciently when in direct contact with graphene due to the
conductivity mismatch between the two materials. To
mitigate this problem, tunnel barriers are intercalated
between the FM and graphene.

FIG. 1: Non-local configuration in lateral devices. The chan-
nel used in this work is graphene, and the injector (FM1) and
detector (FM2) have to be FM in order to be spin-sensitive.
% is defined parallel to the graphene channel; § parallel to the
contacts and Z perpendicular to the graphene plane.

This work presents an attempt to engineer spin injec-
tors and detectors with softer magnetization properties
compatible with graphene. We have chosen Permalloy
(Py), a magnetic alloy made of Fe and Ni (in the propor-
tion NisoFeso in this work) as soft FM material in com-
bination with very thin layers (3 to 5 nm) of Co. While
the spin injection/detection efficiency is driven by the
thin layer of Co, an upper thick layer of Py is expected
to provide a cleaner magnetization reversal of Co, hence
getting rid of pinned magnetic domains and imprinting
softer properties by proximity effects. In this work, I
have fabricated graphene-based lateral spin devices and
measured their spin transport properties using conven-
tional Co/TiO, contacts as well as a new layout based on
Py/Co/TiO,, spin injectors and detectors. Particularly,
I have characterized these devices using non-local detec-
tion techniques, enabling to measure spin valve effects
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and spin precession in graphene at room temperature.

II. THEORETICAL BACKGROUND
A. Spin Injection and Detection

Spin injection and detection is achieved by attach-
ing spin-sensitive contacts, in this case metal FMs, to
a non-magnetic (NM) material, which acts as spin chan-
nel. The non-local lateral device, central to this work, is
then composed of a NM channel material, i.e graphene,
through which spins diffuse, and four planar FM contacts
attached to it, with the two FM probes (FM1 and FM2)
in the middle acting as spin injector and detector (Fig.
1).

Owing to the different spin populations and mobili-
ties of spin-up and spin-down electrons in FM mate-
rials, a charge current I running through the FM in-
jector becomes spin-polarized. When I runs from the
FM injector towards the graphene spin channel, which is
non-magnetic (NM) and hence, its spin populations are
equal, a non-equilibrium spin accumulation beneath the
FM contact is built, whose magnitude is quantified by a
splitting Ap = (u4 — py) in the spin-dependent electro-
chemical potentials u4 and p of the spin channel.

These accumulated spins then diffuse in both direc-
tions away from the injection point over a characteristic
distance A, called spin diffusion length. Due to the
non-local detection scheme, in the direction of the detec-
tor a pure spin current flows since the charge current is
not circulating across this region. If the detector contact
is within the spin diffusion length (L < Ay, with L the
spin channel length), its Fermi level tends to equilibrate
closer to the local p4 or p1y depending on its magnetiza-
tion orientation. Pure spin currents can be then detected
as a voltage signal V,,; = P;- P;- Au/2e, where P;, Py are
the spin polarization of the injector and detector respec-
tively and e is the elementary charge unit. The non-local
signal is often converted in units of resistance defined as
R, = Vi /I, whose value is then R,; « P;P;. Note that
this is not a common resistance definition beacause its
values can be negative depending on the relative magne-
tization orientation of the injector/detector.

When the spin channel resistance is higher than that of
the FM injector, as is the case of system comprising FM
contacts in a planar contact geometry with graphene, the
spin injection efficiency is low and the spins are partially
lost due to the spin absorption in the FM, resulting in
a low spin polarization value. This problem can be nev-
ertheless circumvented by introducing a thin insulating
barrier that facilitates tunneling spin injection [3], hence
increasing the injection efficiency and reducing undesired
contact-induced spin absorption effects.

Spin diffusion along the spin channel can be described
by the diffusive transport model derived from the Boltz-
mann equation V2Au = (1/X)2Ap, whose solution in the
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1D approximation is Ay = uoe_%f, where po = pgp — 1y

at the injection point, i.e x=0.

As the electrochemical potential decays exponentially,
the outer detector contact will barely detect any spin sig-
nal, and can be defined as 0. The measured V,,; at the
detection region depends on the relative magnetization
orientation of the FM injector and the detector, which
can be controlled by an external magnetic field to gener-
ate parallel (PA) or anti-parallel (AP) states.

B. Spin valve effect

The relative magnetization orientation of the injector
and detector contacts is achieved by taking advantage
of their magnetic shape anisotropy. As discussed in [4],
if the FM does not have a strong crystal anisotropy —
i.e the crystal structure drives the magnetization direc-
tion — the magnetization will be oriented in the direction
that minimizes the shape anisotropy energy. Minimiz-
ing this energy can also be seen as the material avoiding
surface magnetic charge accumulation, hence, orienting
the magnetization in the ”easy axis” or, in other words,
along the long-axis of the FM. Considering this concept,
the injector and detector are designed with a well-defined
long-axis, in this case along the ¥ direction (Fig. 1). The
injector and detector contacts can then be in four differ-
ent configurations depending on their magnetization ori-
entations, two of them PA (11,]l) and two AP (I1,71)),
where 1 is defined as +y and | as -y. When changing
from one state to another V,,; changes its value and sign,
resulting a square and sharp signal. The magnitude of
this change is typically expressed in terms of resistance
units ARy L:RE - Rjj, and is called spin valve signal.

In order to control PA and AP states, the injector and
detector need to have slightly different coercive fields H¢.
As H¢ depends on the geometry of the magnet, the con-
tacts have been designed with different widths. If an
external magnetic field B, is applied in § (from now on,
in plane field 'TP’), making backward and forward field
sweeps will result in a non local spin signal with well
defined levels of opposite sign for the PA and AP states.

C. Hanle spin precession

Another key measurement to determine the spin
related parameters in the system is spin precession
experiments, in which an external magnetic field is
applied out of the graphene plane (OP field). This spin
precession measurements have four different contribu-
tions [6]:

Spin precession: Spin diffusing from the injector to
the detector rotates in the graphene plane with a Lar-
mor frequency that depends on the magnitude of the OP
field w = 242 B | , where g is the electronic g-factor of the
medium, pp is the Bohr magneton and 4 is the reduced

Barcelona, January 2022



Electronic Devices Based on Two-Dimensional Quantum Materials

David Valero

FIG. 2: Optical images of lateral spin device, device D1 (first row) and device D2 (second row), taken during the fabrication
process. a) and d) show the exfoliated graphene flakes. b) and e) show the polymer masks made using EBL process. ¢) and f)

show the ready to measure devices after the metal deposition.

Planck constant. This results in an oscillatory signal that
goes as cos(wt).

Spin diffusion: As previously explained, spins trans-
port in the graphene channel is a diffusive process with a
signal that decays exponentially from the injection point.
This contribution2is reflected in the distribution function:
fit) = \/ﬁe L7/4Dt \where D stands for the spin dif-
fusion constant.

Spin dephasing: While diffusing, spins might scatter
with impurities and flip their spin orientation. This con-
tribution is given by the expression e */7, where 7 is
the spin lifetime. The resulting expression for the spin
precession signal is given by

Va(B) = =188 [ 1o [—&] cos(wrt) exp(—t/7,)dt,

(1)
where the sign 4+(—) accounts for the PA (AP) magneti-
zation configuration of the injector/detector, and N and
A are the density of sates at the Fermi energy and the
contact area, respectively. D and 7, are related by the

expression A = v/ DTs.

III. DEVICE FABRICATION PROCESS

The basic steps in the device fabrication are described
below. An schematic of this steps can be found in Ap-
pendix A.

Mechanical exfoliation of grapehene. We start
by the mechanical exfoliation of graphene from a highly-
oriented pyrolitic graphite (HOPG) source on a 440 nm
of SiOq substrate. Here, the aim is to obtain long enough
flakes with dimensions of about 20 pm long and 1 pm
wide. The exfoliation follows the standard ’scotch tape
method’, in which an adhesive tape is stuck on top of the
HOPG. Large areas of graphite are adhered to the tape
and subsequently peeled-off. The tape is then stuck to
the Si/SiO4 substrate, which has been previously cleaned
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with an oxygen plasma. The transferred flakes are then
inspected under an optical microscope in the bright field
mode. Single layers of graphene with the required geom-
etry are identified by optical contrast (Fig. 2a, d), which
has been previously calibrated by Raman spectroscopy,
and selected for the fabrication of spin devices.

Device design and electron beam lithography
(EBL). The design of devices have been done using the
software K-Layout. The FM contacts are defined us-
ing EBL. First, the chip is coated with a bilayer poly-
mer of Methyl methacrylate (MMA) and Poly(methyl
methacrylate) (PMMA). This mask is then exposed to
an e-beam, that defines the contact dimensions pre-
viously designed. This exposure changes the chemi-
cal properties of the exposed areas, making it solu-
ble in methyl-isobutyl-ketone:isopropanol (MIBK:IPA).
Once this chemical developing is made, the remaining
polymer acts as a mask with the shape of our device
(Fig. 2b, e).

Tunnel Barriers formation and contact deposi-
tion. Next, the chip is placed in an ultra high vacuum
(UHV) metal deposition chamber, where the metal con-
tacts and the tunnel barriers are deposited via e-beam
evaporation. We have evaporated two types of contacts
which define the two studied spin devices, D1 and D2.
The contacts are made by two core elements; tunnel bar-
riers and ferromagnetic materials. For the fabrication
of the former we have used TiO; in both D1 and D2
with slightly different thicknesses. The barrier fabrica-
tion consists on depositing 4 A for D1 and 5 A for D2
of Ti which is then oxidize in-situ at a pressure of 0.017
atm for 30 min. In order to obtain a better quality of
the barriers we have made this process twice. Once tun-
nel barriers are fabricated, we deposit the ferromagnetic
material that will define the spin polarization and mage-
tization behavior of the device contacts. In the case of
D1 we have used 30 nm of Co, whereas D2 consists of 4
nm of Co and 27 nm of Py. After the evaporation of FM
materials we have evaporated a 3 nm capping layer of Al
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L (um) £0.2|W (um) £0.2|W; (um) £0.01|Wq (um) £0.01|Venrp (V) £0.5|p (em?/V's) £50
D1(3.9 0.6 0.45 0.24 -19.0 5860
D2(2.4 0.6 0.17 0.13 -6.0 3700

TABLE I: Characteristics of the graphene channels and contacts of D1 and D2. From left to right: Graphene channel length
L and width W, widths of injector W; and detector Wy, charge neutrality point or Dirac point position Vonp and mobility of

the channel p (For the mobility calculation, see Appendix C).

to prevent oxidation. Finally, the chip is rinsed in ace-
tone to lift-off the polymer, to be subsequently cleaned
with isopropanol and dried up with a flux of Ny gas (Fig.
2¢, f). The chip is placed onto a chip carrier. The elec-
trical connections have been done using a wire bonding
technique.

Electrical measurements. The chip carrier is in-
stalled into a vacuum cryostat that can be rotated, thus
enabling to change the direction of the applied magnetic
field with respect to the chip surface, which is essential
to measure both spin valve and spin precession mag-
netic field configurations without taking the chip out of
the cryostat. We have used a current source in delta
mode configuration to avoid thermal contributions to the
measurements, and measured the voltage in a triggered
Keithley nanovoltmeter. The magnetic field is created by
a Lakeshore electromagnet.

IV. RESULTS

Here the results of the measurements for D1 and D2 are
presented and then discussed. Prior to the spin valve and
spin precession measurements, the resistance vs. gate
voltage dependence for the graphene channel was mea-
sured. The back-gate voltage, which is applied to the
P-doped region of the Si substrate, enables to shift the
graphene Fermi level and control what type or carriers
(electron or holes) dominate the transport. By apply-
ing positive gate voltages, the graphene becomes n-doped
(electron doped), while applying negative voltages makes
graphene p-doped (hole doped). As shown in Fig. 3, the
resistance reaches a maximum (values in Table I) called
the Dirac point or charge neutrality point (CNP). At this
maximum the graphene carrier density equals zero, whose
value increases away from it (see Appendix B). We have
studied the gate-dependent resistance of our devices in
the range from + 30 V to -30 V.

After the electrical characterization of graphene, we
have carried out spin valve and spin precession measure-
ments using the non-local configuration scheme presented
above. Figures 4a and 4c show the spin valve effect for D1
and D2, respectively, with spin signals ARY} = 300420
mS? for D1 and 800 4+ 20 mf2 for D2. Besides the magni-
tude of the spin signal, there are several differences be-
tween the spin signal behavior measured in the two spin
devices. On one hand, D2 shows several switching states
or steps. We interpret such additional steps in the spin
signal as an indication of the different magnetic configu-
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FIG. 3: Gate voltage dependence of the resistance of the
graphene channel for a) D1 and b) D2. The measurements are
made in 4 terminal configuration. This is, applying current
through the external contacts and measuring voltage between
the internal ones. The error bars size is smaller than the dot’s
size.
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FIG. 4: Measurements in non local configuration at Vg =
30 V. a) Spin valve and b) Hanle spin precession of D1. c)
Spin valve and d) Hanle spin precession of D2. In a) c), the
magnetic field was sweeped from positive to negative values
(red line) and vice versa (green line). Vertical arrows show
the magnetization direction of the contacts in each region. In
a), only the mangetization direction of the injector-detector
are taken in count, given that there are not external switch-
ings. In c) all the contacts are taken in count and there are
displayed in the same order as in Fig. 1. b) and d) show the
parallel (black line) and anti-parallel (blue line) states of the
spin precession signal. The error bars size is smaller than the
point’s size.

rations of all the FM contacts as illustrated by the arrows
in Fig. 4c. On the other hand, D1 (Fig. 4a) shows only
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two well-defined states that corresponds to the two rela-
tive magnetization orientation, i.e PA and AP, of the FM
injector and detector. Contrary to D2, here the magneti-
zation reversal of the outer FM contacts are not detected
because they are very far away and their switching have
no influence in the spin signal detected in the inner FM.
In addition, we have observed that switching fields in
D2 are much smaller than in D1. One should expect a
lower switching field for wider contacts. However, this
is in stark contrast when comparing the switching fields
and contacts widths of D1 and D2 (see Table I). Such
switching behavior is due to the different composition of
FM contacts in D1 and D2. While FM contacts in D1
are made of pure Co, the contacts of D2 are made of
a much softer bilayer of Py/Co. It is well known that
Py is magnetically softer than Co, so that its coercive
field is lower. We believe that the thick Py layer is driv-
ing the switching behavior of the thin Co layer in D2,
enabling to switch the magnetization of FM contacts at
lower magnetic fields than in D1.

Figures 4b and 4d show the spin precession measure-
ments in D1 and D2, respectively. As in the commonly
used FM contacts like the ones in D1, we have achieved
a clear spin precession signal in D2 using 4 nm of Co, fol-
lowed by 27 nm of Py. It is worth to note that this FM
contact composition has been studied for the first time
during this work. Previous attempts carried out by other
researchers at the host group in the past using pure Py
contacts without the intercalation of the Co thin layer
have been demonstrated not to be efficient for spin injec-
tion and detection in graphene [2]. These experimental
facts make us think that, while the efficiency of the spin
injection and detection is driven by the FM in contact
with graphene, being Co the most suitable material com-
patible with graphene, its magnetization properties can
be improved by an adjacent layer of a softer magnetic
materials, as Py.

V. CONCLUSIONS

Within the frame of my final degree thesis, we have
demonstrated efficient injection, propagation and detec-
tion of spin in graphene by developing novel spin-sensitive
contacts based on the combination of thin layers of Co,
acting as spin polarizers, together with Py, that soften
the overall magnetic properties of the contatcs. The mea-
sured signals in Cobalt/Permalloy devices are compara-
ble with the signal obtained on standard devices based
on pure Cobalt contacts. This result demonstrates the
dominant role of Cobalt for spin injection and detec-
tion. Importantly, in Cobalt/Permalloy-based devices
the switching of the ferromagnetic electrodes takes place
on a smaller magnetic field range compared with Cobalt-
based devices, demonstrating the role of Permalloy in
controlling the reversal or switching of the ferromagnetic
electrodes. Finally, these results could help to design
future spintronic devices properties. In partcicular, by
removing undesired magnetic domain wall formation or
related non-homogeneus magnetic textures in the con-
tatcs attached to the active spin device.
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VI. APPENDIX
A. Device Fabrication Schematic

Fig. 5 illustrates the device fabrication process ex-
plained in Section III.

K
a) Graphene )
$i0, ——
P
| d,% | ﬁ

FIG. 5: Schematic of the steps followed in the device fabri-
cation. a) Exfoliation. b) Polymer coating and e-beam ex-

position. ¢) Polymer developing. d) Contact deposition. e)
Lift-off.

B. Carrier density of Graphene vs. Gate Voltage

The p-doped Si and graphene act as capacitor plates,
separated by 440 nm of SiOs.

Q eN

C=—=-=—
Uu Vg
Where e is the elementary charge, Vs is the applied
gate voltage and N is the number of carriers Also, the
capacity of a 2D capacitance is Cpje; = <%= A.
Combining this, we can express the carrier density of

graphene as a function of the applied gate voltage:

N €€,
n—=—=—

A de

(Ve —Venp) =a(Va —Vene)  (2)

A shift in voltage has to be implemented in order to
fulfil n = 0 at the charge neutrality point (CNP).

From [1] (p. 27) we extract the proportionality con-
stant for 440 nm of SiOy o = 49 - 10°V ~'s~1. Having
this, we can express carrier density vs. voltage as in Fig.6.
Note that negative carrier densities don’t have physical
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sense, for that reason in Fig.6 the results are shown in ab-
solute value. Left of the CNP shows hole carrier density,
and on the right, electron carrier density.

C. Mobility

Knowing the resistance (since in 2D, 0 = p~! = )
and carrier density dependence with the applied gate
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FIG. 6: Carrier density of as a function of the gate voltage.
Note that at the charge neutrality point of each device a) D1,
Venp=-19V b) D2, Venp= -6 V, the carrier density is 0.

voltage, we can calculate the mobility as:

_o(Vg)
H= e’l’L(VG) (3)

Ideally, mobility should be a constant value with a
Dirac delta at n = 0. In Fig. 7, the mobility value
can be estimated with the converged values far from the
divergence zone.
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FIG. 7: Graphical representation of the mobility of a) D1 and
b) D2 vs. carrier density, calculated following eq. 3. Mobility
value is extracted from n > 2-10'% cm ™2, where it starts to
converge.
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